Abstract. The Dynamic Data Driven Application Systems (DDDAS) concept entails the ability to incorporate dynamically data into an executing application simulation, and in reverse, the ability of applications to dynamically steer measurement processes. Such dynamic data inputs can be acquired in real-time on-line or they can be archival data. DDDAS offers the promise of improving modeling methods, augmenting the analysis and prediction capabilities of application simulations, improving the efficiency of simulations and the effectiveness of measurement systems.
Introduction
The Dynamic Data Driven Application Systems (DDDAS) [1, 2] concept entails the ability to incorporate dynamically data into an executing application simulation, and in reverse, the ability of applications to dynamically steer measurement processes. Such dynamic data inputs can be acquired in real-time on-line or they can be archival data. The DDDAS concept offers the promise of improving modeling methods, augmenting the analysis and prediction capabilities of application simulations, improving the efficiency of simulations and the effectiveness of measurement systems.
Traditional applications and systems simulations, thought fairly complex, are still lacking the ability to accurately describe such systems. This situation is accentuated in cases where real-time dynamic conditions exist. Application simulations that can dynamically incorporate at runtime new data, archival or from on-line measurements of the actual systems, offer the promise of more accurate analysis, more accurate predictions, more precise controls, and more reliable outcomes. These capabilities are fostered with the DDDAS concept. DDDAS can be viewed as a methodology to counterbalance incompleteness in model and capability to enhance the application models by imparting additional information into the model as at runtime additional data are used to selectively enhance or refine the original model. It can also be used to reduce the time to derive the simulation results, an important capability in many simulations, including simulations of real-time events.
In addition the ability of an application simulation to control and guide the measurement processes, creates more effective measurement processes. Such capabilities are highly desirable in cases where measurements are difficult to perform, time-critical, or expensive, in that can reduce collection time, cost, improve the quality of data collected.
Thus the concept of DDDAS goes beyond the current notions of "systems of systems" which primarily refer to multi-modal computational aspects of an application. DDDAS extends the concept of the "systems of systems' to also include the "measurement" as one of the systems.
In the recent years technologies to support the computational aspects of applications and application simulations have considerably advanced, as exemplified by the advent of grid computing technologies and computational grid infrastructures. At the same time measurement infrastructures, from instruments to sensor systems, to data storage technologies and remote data access have also matured. More systematic infrastructures for computing platforms and for measurement systems have been also recently called for [4] . The DDDAS concept dynamically integrates computational and measurement aspects of an application, and in that respect the "platform" supporting the application becomes the unified computational and measurement infrastructure. This kind of integrated, unified infrastructure goes beyond the current notions of computational grids; one could call it the "extended grid" or the integral grid.
To enable the DDDAS paradigm requires synergistic multidisciplinary research projects. Research in such projects needs to address in an integral way application modeling and simulation methods, mathematical and statistical algorithms, measurement methods, and systems software to support DDDAS environments. Opportunities in enabling DDDAS and challenges in creating DDDAS capabilities, have been discussed in [1, 2, 3] and elsewhere. A brief list of such challenges includes: advances at the applications level for enabling this kind of dynamic feedback and coupling with measurements; advances in complex, multi-modal models, and ability to combine dynamically such models as is dictated by the injected data, advances in the applications algorithms for the algorithms to be amenable to perturbations by the dynamic data inputs and enhanced capabilities for handling uncertainties in input data; new technology in the computer software systems areas to support such environments where the applications requirements are dynamic, depending on the dynamic data inputs.
Furthermore the DDDAS concept by integrating the computational and measurement aspects of an application, goes beyond the notions of cyber-infrastructure. Thus many aspects such as reliability, security, fault tolerance, system recovery extend beyond the technologies developed for computational grids, to accommodate the support not only of computational grids but also of systems like sensor networks and other measurement instruments.
The efforts presented here provide examples of technologies and capabilities that are being developed based on the DDDAS concept and supporting DDDAS environments. This workshop is a third of a series of workshops of the DDDAS topic that have been organized as part of ICCS, starting with ICCS'03.
Overview of Selected Research Efforts Presented in This Workshop
The rest of the papers presented in this workshop represent ongoing research projects each addressing a number of aspects along the technical challenges mentioned above.
With the exception of project [16] , all other projects [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [17] [18] [19] are predominantly funded by NSF ITR program [5] . Several papers address application simulations whose capabilities are enhanced by dynamic data inputs into the executing application/simulation. While many of the papers are developing new capabilities at the application and algorithm levels, several of the papers focus in the underlying software technology to support the development of the complex DDDAS applications, their dynamic runtime support requirements and interfaces to control measurement systems. Several papers provide examples of simulation controlled measurement processes. Most of the work on mathematical algorithms tolerant and stable to dynamically streamed data is done in the context and together with the development of the application models. In all cases the mathematical algorithms and systems software development is done in the context of specific applications driving and validating the developed technologies. The projects discussed in [6] [7] [8] [9] [10] [11] 21 ] enable improved analysis and prediction capabilities of application simulations and/or speeding up the computation times together with improved quality of simulations, and in a feedback loop the simulations control of measurements, sensors and other instruments. The applications range from structural analysis, environmental and natural resource management, and crisismanagement. In [6] the project employs sensor originating data-driven pre-computed solutions synthesis to speedup simulation time and fidelity of result for applications that have real-time constraints such as supersonic platforms and fire dynamics simulations. In [7] employs dense networks of high resolution phased array and doppler radars to adaptively respond to weather patterns and produce better-than-realtime predictions of tornadoes and other "meso-scale" weather events by simulations and measurements continually steering by new data, optimizing data collection, steering remote observing and selectively changing configuration of measurement instruments. The paper in [8] develops capabilities for short-range forecasting of wildfire behavior from real-time weather data, thermal imaging, and thermal sensor data streams. In [9] algorithms to incorporate measurements in algorithms for underground contaminant simulations, and in [10] efficient algorithms to dynamically integrate observational data with models for improved forward and backward (adjoint) atmospheric chemical transport modeling. The project in [11] discusses development of application models and algorithms, as well as a systems software infrastructure for optimization of the process of secondary oil recovery. The project in [21] has developed high-fidelity simulations of large structures, subject to mechanical and thermal stesses.
Applications in [12] [13] [14] are in the areas of medical and biological sciences. The project in [12] uses the DDDAS concept to enable real-time intra-operative image guided neurosurgery, by developing applications and the underlying infrastructure to support such environments. In [13] spectroscopic data are dynamically input into protein dynamics computations speeding-up and improving the fidelity of the computations. [14] develops models to simulate the air flow around bat wings during flight.
The projects in [15] [16] [17] develop multimodal simulation models and integration of such multimodal models. The project in [15] develops simulations for decision support systems, such as case scenario for evacuation of a building in case of fire and structural damage to a building due to an explosion. In such "system of systems" simulation scenario, numerical PDE and FEM models simulating fire dynamics and structural aspects of the building are integrated w agent based models that simulate behavior of people in a panic situation, evacuation policies, and other factors. The models are coupled and also driven by dynamic data inputs from sensors monitoring smoke and temperature increases due to the fire, sensors monitoring air flow, and feeding all such data into the fire model, to other sensors monitoring structural integrity aspects, and feeding that to the structural analysis program, and in turn such models coupled with the agent based evacuation simulation models. Under the same project simulations are developed when not only a building but a section of a city is affected. The project in [16] is using the DDDAS concept, to develop a decision support system for emergency medical services. One can envision the scenario, where the capabilities in [15] are further coupled with those in [16] to develop an end-to-end decision support system of how to evacuate and optimize medical services in case of an adverse attack to a building or a city section. Projects [15] and [16] coupled with [21,] which is simulating the crash of an aircraft onto a building, could be used to fully simulate the scenario of a crisis situation caused by such an adverse event. The project in [17] uses the DDDAS concept to couple continuous and discrete modeling methods for 3D tracking, and overcoming the shortcomings of each of these two methods when applied individually. Improvements in such methods can enable computer-based sign-language analysis, and other human-computer interaction applications such, human-identification and computer-based recognition of human deception.
The projects in [18] [19] [20] address systems issues and other fundamental aspects of DDDAS systems, such as: ability to invoke dynamically application modalities as dictated by the dynamic data inputs [18] , runtime environments to support the faulttolerant underlying infrastructure required by DDDAS systems [19] , and aspects of how such "systems-of-systems" environments, where dynamic multimodal models and measurement systems are integrated can be validated.
Summary
The DDDAS concept opens new capabilities in applications and measurements. Through efforts that have started developing DDDAS systems, that promise begins to materialize. While we are far from having fully and robustly developed these capabilities and the underlying technologies, we are in a steady path towards accomplishing that objective. The path is long, and the progress made is exemplified by the projects presented in the ICCS/DDDAS workshops, including the present one.
